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1
LITHOGRAPHIC APPARATUS AND A
METHOD FOR DETERMINING A
POLARIZATION PROPERTY OF A
PROJECTION SYSTEM USING AN
ADJUSTABLE POLARIZER AND
INTERFEROMETRIC SENSOR

FIELD

The present invention relates to a lithographic apparatus,
and to the characterization and/or control of the polarization
properties thereof.

BACKGROUND

A lithographic apparatus is a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In that
instance, a patterning device, which is alternatively referred
to as a mask or a reticle, may be used to generate a circuit
pattern to be formed on an individual layer of the IC. This
pattern can be transferred onto a target portion (e.g. compris-
ing part of, one, or several dies) on a substrate (e.g. a silicon
wafer). Transfer of the pattern is typically via imaging onto a
layer of radiation-sensitive material (resist) provided on the
substrate. In general, a single substrate will contain a network
of adjacent target portions that are successively patterned.
Known lithographic apparatus include so-called steppers, in
which each target portion is irradiated by exposing an entire
pattern onto the target portion at one time, and so-called
scanners, in which each target portion is irradiated by scan-
ning the pattern through a radiation beam in a given direction
(the “scanning”-direction) while synchronously scanning the
substrate parallel or anti parallel to this direction. It is also
possible to transfer the pattern from the patterning device to
the substrate by imprinting the pattern onto the substrate.

The demand for ever-smaller features to be imaged with
lithographic apparatus has resulted in the use of projection
systems with increasing numerical aperture (NA). The angle
of rays of radiation within the projection apparatus with
respect to the optical axis increases with increasing NA. The
vector nature of light becomes important for imaging because
only identically polarized components of electromagnetic
waves interfere. Therefore it is not the wavefront quality
alone that determines the image contrast; the polarization has
a considerable influence as well. Furthermore, the use of
illumination radiation having specifically desired states of
polarization for specific regions is increasingly being used for
imaging features aligned in particular directions. Conse-
quently, it is desirable to know the state of polarization of the
radiation impinging on the patterning device, such as areticle.
It can also be desirable to know the effect on the state of
polarization caused by the projection lens. However, no suit-
able measurement system currently exists. Existing radiation
sensors built into lithographic apparatus are generally polar-
ization insensitive. Furthermore it is thought that the state of
polarization of the illumination radiation at the level of the
patterning device cannot be measured at the level of the
substrate without knowing the effect of the projection lens on
the polarization. One way to avoid this would be to insert a
polarization measurement system at the level of the reticle
before the radiation enters the projection lens. However, this
has the considerable problem of designing a measurement
system to fit into the limited space and also to provide power
and data connections to the measurement tool, either electri-
cally or wirelessly, which would require significant down-
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time for installation, which is expensive. Reflection and trans-
mission at interfaces and coatings and birefringence of the
lens element materials are possible sources for polarization
changes in the projection system. However, as previously
explained, no measurement technique exists to characterize
the polarization effects of the projection system.

SUMMARY

Itis desirable to have knowledge of the state of polarization
of'the illumination radiation. It is also desirable to have infor-
mation regarding the effect on the state of polarization of
illumination radiation caused by the projection lens system.

According to one aspect of the invention there is provided
a lithographic apparatus comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device being capable of imparting the radiation
beam with a pattern in its cross-section to form a patterned
radiation beam;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate; and

a detector for measuring the intensity of the radiation after
it has passed through the projection system, characterized by
further comprising:

a polarization changing element that is adjustable; and

a polarization analyzer,

wherein the polarization changing element and the polar-
ization analyzer are arranged in order in the radiation beam
path at the level at which a patterning device would be held by
the support.

According to another aspect of the invention there is pro-
vided a lithographic apparatus comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device being capable of imparting the radiation
beam with a pattern in its cross-section to form a patterned
radiation beam;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate; and

an interferometric sensor for measuring the wavefront of
the radiation beam at the level of the substrate, the interfero-
metric sensor having a detector and operating in conjunction
with a source module at the level of the patterning device for
conditioning the radiation to overfill the pupil of the projec-
tion system, characterized by further comprising:

an adjustable polarizer for polarizing the radiation prior to
the projection system.

According to a further aspect of the invention there is
provided a method for determining at least one polarization
property of a lithographic apparatus, the lithographic appa-
ratus comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device being capable of imparting the radiation
beam with a pattern in its cross-section to form a patterned
radiation beam;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate;
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a detector for measuring the intensity of the radiation after
it has passed through the projection system, a polarization
changing element that is adjustable; and

apolarization analyzer, wherein the polarization changing
element and the polarization analyzer are arranged in order in
the radiation beam path at the level at which a patterning
device would be held by the support, wherein the method
comprises:

using the detector to take intensity measurements for a
plurality of different settings of the polarization changing
element; and

determining, from the intensity measurements, informa-
tion on the state of polarization of the radiation before it
encounters the polarization changing element.

According to another aspect of the invention there is pro-
vided a method for determining at least one polarization
property of a lithographic apparatus, the lithographic appa-
ratus comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device being capable of imparting the radiation
beam with a pattern in its cross-section to form a patterned
radiation beam;

a substrate table constructed to hold a substrate;

a projection system configured to project the patterned
radiation beam onto a target portion of the substrate; and

an interferometric sensor for measuring the wavefront of
the radiation beam at the level of the substrate, the interfero-
metric sensor having a detector and operating in conjunction
with a source module at the level of the patterning device for
conditioning the radiation to overfill the pupil of the projec-
tion system,

an adjustable polarizer for polarizing the radiation prior to
the projection system, wherein the method comprises:

using the interferometric sensor to measure the respective
wavefront of the radiation beam for two different settings of
the polarizer; and

determining, from the wavefront measurements, informa-
tion on the polarization effecting properties of the projection
system.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
schematic drawings in which corresponding reference sym-
bols indicate corresponding parts, and in which:

FIG. 1 depicts a lithographic apparatus according to an
embodiment of the invention;

FIG. 2 shows schematically the lithographic apparatus
according to a first embodiment of the invention;

FIG. 3 shows schematically the lithographic apparatus
according to a modification of the first embodiment of the
invention;

FIG. 4 shows schematically the lithographic apparatus
according to a further embodiment of the invention; and

FIG. 5 schematically illustrates an arrangement for colli-
mating the radiation in the region of the polarization-active
components.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a lithographic apparatus
according to the embodiments of the invention. The apparatus
comprises:
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an illumination system (illuminator) IL. configured to con-
dition a radiation beam PB (e.g. UV radiation or EUV
radiation).

a support structure (e.g. a mask table) MT constructed to
support a patterning device (e.g. a mask) MA and con-
nected to a first positioner PM configured to accurately
position the patterning device in accordance with certain
parameters;

a substrate table (e.g. a wafer table) WT constructed to hold
a substrate (e.g. a resist coated wafer) W and connected
to a second positioner PW configured to accurately posi-
tion the substrate in accordance with certain parameters;
and

a projection system (e.g. a refractive projection lens sys-
tem) PS configured to project a pattern imparted to the
radiation beam B by patterning device MA onto a target
portion C (e.g. comprising one or more dies) of the
substrate W.

The illumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The support structure supports, i.e. bears the weight of, the
patterning device. It holds the patterning device in a manner
that depends on the orientation of the patterning device, the
design of the lithographic apparatus, and other conditions,
such as for example whether or not the patterning device is
held in a vacuum environment. The support structure can use
mechanical, vacuum, electrostatic or other clamping tech-
niques to hold the patterning device. The support structure
may be a frame or a table, for example, which may be fixed or
movable as required. The support structure may ensure that
the patterning device is at a desired position, for example with
respect to the projection system. Any use of the terms
“reticle” or “mask” herein may be considered synonymous
with the more general term “patterning device.”

The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be used
to impart a radiation beam with a pattern in its cross-section
such as to create a pattern in a target portion of the substrate.
It should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in the
target portion of the substrate, for example if the pattern
includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being
created in the target portion, such as an integrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as
binary, alternating phase-shift, and attenuated phase-shift, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an incoming radiation beam in different directions.
The tilted mirrors impart a pattern in a radiation beam which
is reflected by the mirror matrix.

The term “projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, reflective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof, as appropriate for the exposure
radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term
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“projection lens” herein may be considered as synonymous
with the more general term “projection system”.

As here depicted, the apparatus is of a transmissive type
(e.g. employing a transmissive mask). Alternatively, the appa-
ratus may be of a reflective type (e.g. employing a program-
mable mirror array of a type as referred to above, or employ-
ing a reflective mask).

The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables (and/or two or more
mask tables). In such “multiple stage” machines the addi-
tional tables may be used in parallel, or preparatory steps may
be carried out on one or more tables while one or more other
tables are being used for exposure.

The lithographic apparatus may also be ofa type wherein at
least a portion of the substrate may be covered by a liquid
having a relatively high refractive index, e.g. water, so as to
fill a space between the projection system and the substrate.
Immersion techniques are well known in the art for increasing
the numerical aperture of projection systems. The term
“immersion” as used herein does not mean that a structure,
such as a substrate, must be submerged in liquid, but rather
only means that liquid is located between the projection sys-
tem and the substrate during exposure.

Referring to FIG. 1, the illuminator IL receives a radiation
beam from a radiation source SO. The source and the litho-
graphic apparatus may be separate entities, for example when
the source is an excimer laser. In such cases, the source is not
considered to form part of the lithographic apparatus and the
radiation beam is passed from the source SO to the illumina-
tor IL. with the aid of a beam delivery system BD comprising,
for example, suitable directing mirrors and/or a beam
expander. In other cases the source may be an integral part of
the lithographic apparatus, for example when the source is a
mercury lamp. The source SO and the illuminator IL, together
with the beam delivery system BD if required, may be
referred to as a radiation system.

The illuminator II. may comprise an adjuster AD for
adjusting the angular intensity distribution of the radiation
beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as o-outer and o-inner, respectively)
of'the intensity distribution in a pupil plane of the illuminator
can be adjusted. In addition, the illuminator I[. may comprise
various other components, such as an integrator IN and a
condenser CO. The illuminator may be used to condition the
radiation beam, to have a desired uniformity and intensity
distribution in its cross section. The illuminator may also
control the polarization of the radiation, which need not be
uniform over the cross-section of the beam.

The radiation beam B is incident on the patterning device
(e.g., mask MA), which is held on the support structure (e.g.,
mask table MT), and is patterned by the patterning device.
Having traversed the mask MA, the radiation beam B passes
through the projection system PS, which focuses the beam
onto a target portion C of the substrate W. With the aid of the
second positioner PW and position sensor IF (e.g. an inter-
ferometric device, linear encoder or capacitive sensor), the
substrate table WT can be moved accurately, e.g. so as to
position different target portions C in the path of the radiation
beam B. Similarly, the first positioner PM and another posi-
tion sensor (which is not explicitly depicted in FIG. 1) can be
used to accurately position the mask MA with respect to the
path of the radiation beam B, e.g. after mechanical retrieval
from a mask library, or during a scan. In general, movement of
the mask table MT may be realized with the aid of a long-
stroke module (coarse positioning) and a short-stroke module
(fine positioning), which form part of the first positioner PM.
Similarly, movement of the substrate table WT may be real-
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6

ized using a long-stroke module and a short-stroke module,
which form part of the second positioner PW. In the case of a
stepper (as opposed to a scanner) the mask table MT may be
connected to a short-stroke actuator only, or may be fixed.
Mask MA and substrate W may be aligned using mask align-
ment marks M1, M2 and substrate alignment marks P1, P2.
Although the substrate alignment marks as illustrated occupy
dedicated target portions, they may be located in spaces
between target portions (these are known as scribe-lane align-
ment marks). Similarly, in situations in which more than one
die is provided on the mask MA, the mask alignment marks
may be located between the dies.

The depicted apparatus could be used in at least one of the
following modes:

1. In step mode, the mask table MT and the substrate table
WT are kept essentially stationary, while an entire pattern
imparted to the radiation beam is projected onto a target
portion C at one time (i.e. a single static exposure). The
substrate table WT is then shifted in the X and/orY direction
so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits the size
of' the target portion C imaged in a single static exposure.

2. In scan mode, the mask table MT and the substrate table
WT are scanned synchronously while a pattern imparted to
the radiation beam is projected onto a target portion C (i.e. a
single dynamic exposure). The velocity and direction of the
substrate table WT relative to the mask table MT may be
determined by the (de-)magnification and image reversal
characteristics of the projection system PS. In scan mode, the
maximum size of the exposure field limits the width (in the
non-scanning direction) of the target portion in a single
dynamic exposure, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target
portion.

3. In another mode, the mask table MT is kept essentially
stationary holding a programmable patterning device, and the
substrate table WT is moved or scanned while a pattern
imparted to the radiation beam is projected onto a target
portion C. In this mode, generally a pulsed radiation source is
employed and the programmable patterning device is updated
as required after each movement of the substrate table WT or
in between successive radiation pulses during a scan. This
mode of operation can be readily applied to maskless lithog-
raphy that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

A first embodiment of the present invention is illustrated in
FIG. 2, depicting schematically an arrangement for measur-
ing the state of polarization of the projection radiation at the
level of the reticle. The illuminator II. and projection system
PS, as in FIG. 1, are indicated. At the level of the reticle, and
interposed into the beam path are an adjustable polarization
changing element 10 followed by a polarization analyzer 12.
In this example, the analyzer 12 is a linear polarizer, such as
a beam-splitter cube, in a first fixed rotational orientation to
transmit only the component of the radiation having an elec-
tric field vector in a specific direction. The polarization
changing element 10 is a retarder, or retardation plate, and is
preferably a quarter-wave plate for the particular wavelength
of illumination radiation. A quarter-wave plate introduces a
relative phase shift of B/2 between orthogonally linearly
polarized components of incident radiation. This can convert
suitably oriented linearly polarized radiation to circularly
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polarized radiation and vice versa. In general, it will change a
general elliptically polarized beam into a different elliptically
polarized beam.

The polarization changing element 10 is adjustable such
that the polarization change induced can be varied. In one
form of adjustment, the polarization-changing element 10 is
rotatable such that the orientation of its principal axis can be
adjusted. In another form of this example, the polarization
changing element 10 is replaceable by a number of differently
oriented polarization changing elements which can each be
inserted in the beam path. The polarization changing element
10 can be completely removable and replaceable by a differ-
ently oriented polarization changing element 10, or a plurality
of differently oriented polarization changing elements may
be provided integrally on a carrier, similar to a reticle, for
example in the form of an array. By translating the carrier then
the polarization changing element corresponding to any par-
ticular field point can be adjusted.

A detector 14 for detecting the intensity of the radiation is
provided in this embodiment of the invention after the radia-
tion has passed through the projection system PS. The detec-
tor 14 can be a pre-existing detector provided at the substrate
table. One form is a spot sensor which measures the radiation
intensity at a particular field point. Another form is a CCD
camera that is provided for wavefront measurements. The
CCD camera can be provided with a small aperture or pinhole
at the focal plane of the projection system to select a desired
field point. The CCD sensor itself is then defocused such that
each pixel of the CCD detects radiation that has traversed a
specific path through the projection system to reach that field
point; in other words each pixel corresponds to a point in the
pupil plane of the projection system (or pupil plane of the
illuminator).

The arrangement of a rotatable quarter-wave plate fol-
lowed by a linear polarizer and a detector is known in the field
of ellipsometry to yield the state of polarization of the input
radiation, i.e., the radiation at the level of the reticle. A num-
ber of intensity measurements are taken at different rotational
orientations of the quarter-wave plate and these can be con-
verted to quantify the state of polarization expressed accord-
ing to a suitable basis, such as the Stokes parameters to
provide the Stokes vector characterizing the radiation. Fur-
ther details regarding ellipsometry and obtaining Stokes
parameters can be found in any suitable optics text book, such
as Principles of Optics, M Born & E Wolf, seventh edition,
Cambridge University Press (1999). At least three intensity
measurements are required corresponding to three rotational
positions of the quarter-wave plate. Although there are four
Stokes parameters, there is some redundancy between them,
so three measurements can determine them at least normal-
ized with respect to the overall intensity of the radiation.

According to the present invention, a controller 16 receives
measurements from the detector 14, which in conjunction
with the control and/or detection of the adjustment of the
polarization changing element 10, such as its rotational ori-
entation, can calculate the state of polarization e.g. Stokes
parameters, for each pupil pixel. The detector can be moved
and the measurements repeated for different field points.

The question arises concerning how this invention can still
work when the detector does not immediately follow the
analyzer 12 (such a position being the ideal detector position).
Instead, there is the projection system PS with its unknown
polarization effect. However, the significant point is that the
analyzer 12 closely follows the polarization changing ele-
ment 10; it does not matter that there are further components
between the analyzer 12 and the detector 14 because the
detector 14 is insensitive to polarization variation. The situ-
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ation can be considered theoretically in the following way. If
the radiation exiting the polarization changing element 10 has
a state of polarization represented by the Stokes vector Sin
then the state of polarization following the analyzer 12, called
Sout, can be found by multiplying Sin by the Miiller matrix
Mpol representing the operation of the analyzer 12 (linear
polarizer). The coordinate system can be arbitrarily chosen
such that the analyzer 12 is a polarizer in the X-direction.
Thus the state of polarization (Stokes vector) of the radiation
at the ideal detector position is as follows:

110 0YS So+5 58)
it oofs | 1] so+s
Sour =Myt 50 =310 0 0 05|72 0
000 0Nss 0

The irradiance as measured by the detector is given by the
first element of the Stokes vector, and so is:

Lae2(So+S1) ()]

Now for the real situation illustrated in FIG. 2, we can use
a general Miiller matrix M,,,, to represent the effect of the

projection system and indeed any non-idealities of the detec-
tor.

Sour = 3
my mp Mz Mg 110 0YSo
Mo Mo my mp mpz ma (1111 0 0O S
Moy, = : _
g TR T sy mgy mzz ma (200 0 0 O S,
My Myy Myz Mgy 000 0NS;s
myy ompp myz mu4 So +.51
my myp Mmpz mpg |1 So+ 51
msy myy msz ma |2 0
mqy M4y M43 M4q 0

my1(So +.51) +m2(So +51)

1 ma1(So +.51) +m2(So +51)
2 0
0

So the irradiance as measured by the detector is:

Lae=Yo(my 1 +m12)(So+S))

Q)

So this is equal to the previous result with an ideal detector
immediately following the analyzer, apart from a factor
(m,,+m,,), where m;; and m,, are elements of the Miiller
matrix representing the projection system. Thus the measure-
ments taken by the detector 14 are unaffected apart from a
constant factor, and it is not necessary to know the value of
this factor because it cancels out in the ellipsometry calcula-
tion. Thus the polarization properties, such as polarization
degree and polarization purity at the level of the reticle can be
completely determined. The influence of the projection sys-
tem is almost completely eliminated by having the polarizer
12 at reticle level; only the intensity is altered.

As explained above, itis not necessary to know the value of
the factor (m,,+m,,). However, it can be useful to have this
information, in particular when the value of this factor is not
constant over the pupil area. If it varies over the pupil area,
then the operator cannot tell whether this is due to polariza-
tion properties of the projection lens or due to imperfections
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in the illumination radiation. For example, with a quadrupole
illumination mode in combination with tangential polariza-
tion, two poles may appear less bright than the other two
poles. This may either be caused by asymmetries in the illu-
mination system or by a residual linearly polarizing effect of
the projection lens. By determining the cause, appropriate
corrections can be made. To determine the cause (said asym-
metry or said residual polarizing effect), the analyzer 12 is
rotated to a second fixed rotational orientation and the Stokes
parameters are measured again. From the two measurement
sets, one can identify the contribution of the projection lens
and the illumination system as separate entities.

FIG. 3 shows a second embodiment of the invention. In this
example the polarization changing element 10 and the ana-
lyzer 12 are integrated into a carrier 18 that can be inserted
into the lithographic apparatus in place of a reticle. Radiation
20 from the illuminator is incident on a pinhole 22 comprising
an aperture in an opaque layer, such as chromium, formed on
the upper surface of the carrier 18. The polarization changing
element 10 is preferably a quarter-wave plate, and preferably
a low order quarter-wave plate to minimize its thickness, and
can be made of a suitable material such as quartz. The ana-
lyzer 12 in this embodiment does not simply block or absorb
one linear polarization component, but instead is a prism
made of a birefringent material arranged such that the two
orthogonal linearly polarized components are spatially sepa-
rated, in other words it is a polarizing beam splitter. Accord-
ing to one form, the prism comprises two wedges of crystals
of'the birefringent material in contact with each other, but the
orientation of the principal optical axis of the crystal in one
wedge is in the X direction, and in the other wedge is in the Y
direction (i.e. in the form of a Wollaston prism). A suitable
birefringent material from which to make the prism, and
which can be used with short-wavelength illumination radia-
tion, is KDP (potassium dihydrogen phosphate).

The effect of the polarizing beam splitter as the analyzer 12
is that when looking from underneath into the illumination
radiation, one sees two pinholes next to each other, the radia-
tion from one pinhole being polarized along the X axis, and
the radiation from the other pinhole being polarized along the
Y axis. A second pinhole 24, which may be an integral part of
the detector can be positioned at the focal plane of the pro-
jection system to selectively transmit one polarized image of
the first pinhole 22 and block radiation from the other. A
defocused detector 14, such as a CCD, measures the intensity
for a plurality of pixels corresponding to locations in the pupil
plane of the projection system and illuminator.

With one of the polarized images not transmitted by the
second pinhole 24, the apparatus can be used in exactly the
same way as described for FIG. 2 to determine the state of
polarization of the illumination radiation at reticle level. The
carrier 18 can be provided with a plurality of pinholes 22,
polarization changing elements 10, and analyzers 12, with the
polarization changing element 10 being at different rotational
orientations, such as with its fast axis along the X direction,
along the Y direction and at 45° to the X and Y directions. By
translating the carrier 18, the polarization changing element
corresponding to a particular field location can be adjusted,
and ellipsometry measurements can be made as before. Mov-
ing the second pinhole 24 to select the orthogonally polarized
radiation is equivalent to rotating the analyzer 12 of FIG. 2
through 90°. Thus further measurements can be readily made
to obtain information characterizing the state of polarization
of the radiation. As also explained previously with reference
to FIG. 2, using the second pinhole 24 to select the two
different polarizations enables one to separate the contribu-
tions of the projection system and the illuminator, but in this
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case it is not necessary to have a rotatable or removable/
replaceable analyzer 12 because the polarizing beam splitter
used as the analyzer 12 in FIG. 3 simultaneously performs the
function of two orthogonal linear polarizers.

A third embodiment of the invention, for measuring the
polarization properties of the projection system, will now be
described. Previously there has been proposed a measure-
ment system for measuring wavefront aberrations of a pro-
jection system using the principle known as a “shearing inter-
ferometer”. According to this proposal, different portions of
the projection beam from a particular location at the level of
the patterning device travel along different paths through the
projection lens. This can be achieved by a diffractive element
located in the projection beam between the illumination sys-
tem and the projection system. The diffractive element, such
as a grating, also known as the object grating, diffracts the
radiation and spreads it out such that it passes through the
projection system along a plurality of different paths. The
diffractive element is typically located at the level at which
the patterning device, e.g. mask MA is located. The diffrac-
tive element can be a grating or can be an array of features of
suitable size, and may be provided within a bright area in a
dark field reticle, said area being small with respect to an
object field size of the projection system (i.e., sufficiently
small so that image aberrations are substantially independent
of the position of an object point in that area). Such an area
may be embodied as a pinhole. As explained above, the pin-
hole may have some structuring within, such as for example
said object grating, or diffractive features such as grating
patterns, or checkerboard patterns. However, this is in prin-
ciple optional (for example, in the first embodiment of the
present invention, pinholes can be used to select small por-
tions of the field, and preferably there is no structuring within
the pinholes). A function of the pinhole and its optional inter-
nal structure is to define a preselected mutual coherence hav-
ing local maxima of mutual coherence in the pupil of the
projection lens system, whereby the preselected mutual
coherence is related to the pinhole and its optional internal
structure through a spatial fourier transformation of the pin-
hole and its structure. Further information on patterns within
the pinhole can be gleaned from U.S. 2002-0001088. One or
more lenses may also be associated with the diffractive ele-
ment. This assembly as a whole, located in the projection
beam between the illuminator and the projection system will
be referred to hereafter as the source module.

Referring to FIG. 4, a source module SM for use with an
embodiment of the present invention is illustrated. It com-
prises a pinhole plate PiP which is a quartz glass plate with an
opaque chromium layer on one side, same as a reticle, and
with a pinhole PH provided in the chromium layer. It also
comprises a lens SL for focusing the projection radiation onto
the pinhole. In practice an array of pinholes and lenses for
different field positions and different slit positions are pro-
vided, and the lenses can be integrated on top of the pinhole
plate. The source module should ideally generate light within
a wide range of angles such that the pupil of the projection
lens is filled, or indeed overfilled, for numerical aperture
measurements, and preferably the pupil filling should be uni-
form. The use of the lens SL can achieve the over-filling and
also increases the light intensity. The pinhole PH limits the
light to a specific location within the field. Alternative ways to
obtain uniform pupil filling are to use a diffuser plate (such as
an etched ground glass plate) on top of the pinhole plate, or an
array of microlenses (similar to a diffractive optical element
DOE), or a holographic diffusor (similar to a phase-shift
mask PSM).
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Radiation that has traversed the source module and the
projection system then impinges on a further diffractive ele-
ment GR, such as a pinhole or a grating, known as the image
grating. Referring to FIG. 4, the further diffractive element
GR is mounted on a carrier plate CP, for example made of
quartz. This further diffractive element acts as the “shearing
mechanism” that generates different diffractive orders which
can be made to interfere (by matching diffracted orders to said
local maxima of mutual coherence) with each other. For
example, the zero order may be made to interfere with the first
order. This interference results in a pattern, which can be
detected by a detector to reveal information on the wavefront
aberration at a particular location in the image field. The
detector DT can be, for example, a CCD or CMOS camera
which captures the image of the pattern electronically without
using a resist. The further diffractive element GR and the
detector DT will be referred to as the interferometric sensor
IS. Conventionally, the further diftractive element GR is
located at the level of the substrate at the plane of best focus,
such that it is at a conjugate plane with respect to the first-
mentioned diffractive element in the source module SM. The
detector DT is below the further diffractive element GR and
spaced apart from it.

One proprietary form of an interferometric wavefront mea-
surement system implemented on lithography tools is known
as ILIAS (trademark) which is an acronym for Integrated
Lens Interferometer At Scanner. This measurement system is
routinely provided on lithographic projection apparatus. Fur-
ther information on such an interferometric system provided
on a lithography scanner apparatus can be gleaned from U.S.
2002-0001088 and U.S. Pat. No. 6,650,399 B2.

The interferometric sensor essentially measures the deriva-
tive phase of the wavefront. The detector itself can only
measure light intensity, but by using interference the phase
can be converted to intensity. Most interferometers require a
secondary reference beam to create an interference pattern,
but this would be hard to implement in a lithographic projec-
tion apparatus. However a class of interferometer which does
not have this requirement is the shearing interferometer. In the
case of lateral shearing, interference occurs between the
wavefront and a laterally displaced (sheared) copy of the
original wavefront. In the present embodiment, the further
diffractive element GR splits the wavefront into multiple
wavefronts which are slightly displaced (sheared) with
respect to each other. Interference is observed between them.
In the present case only the zero and +/- first diffraction
orders are considered. The intensity of the interference pat-
tern relates to the phase difference between the zero and first
diffraction orders.

It can be shown that the intensity I is given by the following
approximate relation:

el o b3l

where E, and E, are the diffraction efficiencies for the zero
and first diffracted orders, k is the phase stepping distance, p
is the grating periodicity (in units of waves), W is the wave-
front aberration (in units of waves) and p is the location in the
pupil. In the case of small shearing distances, the wavefront
phase difference approximates the wavefront derivative. By
performing successive intensity measurements, with a slight
displacement of the source module SM with respect to the
interferometric sensor IS, the detected radiation intensity is
modulated (the phase stepping factor k/p in the above equa-
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tion is varied). The first harmonics (with the period of the
grating as the fundamental frequency) of the modulated sig-
nal correspond to the diftraction orders of interest (0 & +/-1).
The phase distribution (as a function of pupil location) cor-
responds to the wavefront difference of interest. By shearing
in two substantially perpendicular directions, the wavefront
difference in two directions is considered.

As well as phase measurements on the wavefront as
described above, amplitude measurements can also be made.
These are done by using a source at reticle level with a
calibrated angular intensity distribution. One example is to
use an array of effective point sources (with dimensions
smaller than the wavelength of the radiation used), where
each point source has an intensity distribution which is effec-
tively uniform over the range of solid angles present within
the projection system pupil. Other sources are also possible.
Variations in detected intensity can then be related to attenu-
ation along particular transmission paths through the projec-
tion system. Further information regarding amplitude mea-
surements and obtaining the angular transmission properties
of'the projection system (also called apodization) are given in
U.S. Ser. No. 10/935,741.

According to the present aspect of the invention, the above
wavefront measurements (both phase and amplitude) are per-
formed using a polarized radiation source. One embodiment,
as shown in FIG. 4, is to incorporate a polarizer 30, such as a
beam splitter cube, into the source module SM; an alternative
embodiment would be to use separate discrete insertable
polarizers, for example insertable at the illuminator or reticle
masking level. No modification of the interferometric sensor
IS is required.

With the searing interferometer arranged to provide a shear
in the x direction, a wavefront Wxx is first measured using the
source radiation linearly polarized in one direction, such as
the X direction. The polarizer or source module is then rotated
or exchanged/displaced, such that the radiation is linearly
polarized in the Y-direction, and the new wavefront Wxy is
then measured. For convenience, a single source module car-
rier can be provided with an unpolarized, an X-polarized and
aY-polarized source structure, and loaded as a normal reticle.
The reticle stage is able to move freely in the scanning direc-
tion, so for each field point (normal to the scanning direction)
the unpolarized, an X-polarized and a Y-polarized source
structure can be provided.

The effect on polarized light of an optical element or com-
bination of optical elements, such as the projection system,
can be represented by a Jones matrix. The X and Y compo-
nents of the electric field vector of incident and outgoing
electromagnetic radiation are related by the Jones matrix as
follows:

Evou) (Ju o\ Ein
Eyou ) Iy Iy NEy i

For lithographic apparatus projection systems, it is valid to
assume that the off-diagonal elements in the Jones matrices
are very small (i.e. practically zero) relative to the diagonal
elements, in other words very little cross talk of X and Y
polarization states occurs. Therefore using an X-polarized
source enables the diagonal element J, to be determined from
the wavefront measurement, and using a Y-polarized source
enables the diagonal element I, to be determined from the
wavefront measurements. Both phase and amplitude mea-
surements of the wavefront are needed because each element

of'the Jones matrix is in general a complex number.

©
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For a specific field point, a Jones matrix can be calculated
for each pupil point in the projection system (each Jones
matrix corresponding to the effect on polarization of a ray of
radiation taking a particular path through the projection sys-
tem). The source module and interferometric sensor can be
moved to a different field point and a set of Jones matrices
obtained. Thus each combination of field point and pupil
point has its own specific Jones matrix.

One concern might be that the device in the source module
for ensuring that the projection system pupil is over-filled,
such as a diffusor, might result in mixing of polarization
states. However, this is not expected to be a significant effect
because the characteristic length scales of small-angle diffu-
sors are typically about 0.05 mm. However, even if mixing
should occur this can be straightforward to remedy by com-
bining the X and Y wavefront measurements and solving a set
of linear equations. Supposing a fraction a of polarization
mixing occurs within the source module, the following set of
equations is found:

W,

x__meas

=(1-a)y W.+a'W,

W,

s _meas=@ Wot(1-a) W, M

The mixing factor a can be found either theoretically or by
a calibration (done off-line) and then the equations can be
resolved to find the desired X and Y polarized wavefronts Wx
and Wy. The same procedure can also be applied if the polar-
izer used does not yield perfect polarization purity.

An indication of a state of polarization of the radiation
beam at wafer level may be based on the specification of a
target polarization state that is desired. A convenient metric is
defined as the polarization purity (PP) or the percentage of
polarized radiation that is in the targeted or preferred polar-
ization state. Mathematically the polarization purity (PP) can
be defined as:

pPP= ‘ETargez'EAcmal‘ > (8)

where Ey,.., and B, are electric field vectors of unit
length.

Although PP is a valuable metric it does not completely
define the illuminating radiation. A fraction of the radiation
can be undefined or de-polarized, where the electric vectors
rotate within a timeframe beyond our observation period.
This can be classified as unpolarized radiation. If radiation is
considered to be the sum of polarized radiation with an inten-
$ity 1,705z @nd unpolarized radiation with an intensity

unpolarizeas Whereby the summed intensity is I, it is pos-
sible to define a degree of polarization (DOP) by the follow-
ing equation:

polarized polarized (]

DOP =

Iroat I polarized + linpolarized

DOP may be needed to account for unpolarized portions.
Since unpolarized (and polarized) radiation can be decom-
posed into 2 orthogonal states, an equation for the total inten-
sity in the preferred state (IPS) of polarization as a function of
DOP and PP can be derived, i.e.,

IPS = 1DO PP ! (19
=*3 P( ‘z)'

In a fourth embodiment of the present invention the mea-
surement method of the third embodiment is arranged to
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examine and compute a spatial distribution of IPS. As in the
third embodiment the wavefront Wxx is first measured using
the source radiation linearly polarized in the X direction, and
using an image grating GR with its lines and spaces oriented
parallel to the Y direction, so that in the projection lens pupil
a wavefront shearing in the X direction is obtained. The
polarizer 30 is then rotated or exchanged/displaced, such that
the radiation is linearly polarized in the Y-direction, further
the object grating is, as before, arranged to provide in the
projection lens pupil a wavefront shearing in the X direction,
and the corresponding linearly polarized wavefront Wxy is
then measured.

For example, a first pinhole PH1 with X polarization is
used for the spatially resolved aberration measurement of the
wavefront Wxx. This process is repeated with another pinhole
PH2, with Y polarization, and with the same grating orienta-
tion as was provided with the pinhole PH1. This results in a
second wavefront aberration measurement of the wavefront
Wxy. The measurement results can be used to compute, spa-
tially resolved in the lens pupil, a Jones matrix and an Inten-
sity in the Preferred State (IPS).

In the following, a more detailed description of this mea-
surement is presented. In a typical shearing interferometer the
phase ¢(x,y) of the wavefront is measured using an object
grating in the pinhole PH to provide a preselected spatial
coherence in the pupil if the projection system, and a shearing
grating. The shearing grating is the image grating GR men-
tioned above. The grating GR brings different diffraction
orders together on a photo detector DT. The detector DT will
detect an intensity which oscillates with displacement of the
grating GR relative to the pupil. The amplitude of oscillation
will also be referred to as a contrast, and the average intensity
(at amplitude zero) will also be referred to as a DC signal.

The shearing interferometric aberration measurement
method includes a mixing (i.e., a coherent addition) of elec-
tric fields diffracted at the grating GR, including a zeroth
order diffracted electric field and a first order diffracted elec-
tric field. The zeroth and first order diffracted fields are
images of the electric field at the pupil of the projection
system, and are respectively denoted by an electric field E(x,
y) at a pupil-position (X,y) in the pupil of the projection lens
and an electric field E, (x+dx,y) at a “neighbor” pupil-position
(x+dx,y).

Here the electric fields are scalar fields (with a same state of
polarization, independent of the X,y coordinates in the pupil)
and the subscripts refer to the order of diffraction at the
grating GR; the vector nature of polarization is introduced
below. If terms which are constant over the wavefield are
factored out, one obtains:

Eox.y)=4oxy)explip(x, )],
and

E\(x+dx,y)=4 (x+dx,y)exp[ip(x+dx,p)] (11)

The detector DT measures an intensity I(x,y) given by:

I ) =(Eq+E ) (Eg+E,)*=A¢"+4 *+244, cos [p(x+dx,
-0y

The intensity I(x,y) varies as a cosine with respect to the
phase difference between the two fields E, and E,. Note that
A=Ay (x,y) and A=A, (x+dx,y); the shorter notation is intro-
duced to make the formulas more transparent). The wave-
front-measurements include measuring the cosine-behavior
by introducing an extra, varying “ste?pplng” phas.e Dogep- At
each step a new value of the intensity at one pixel of the

(12)
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detector DT is measured. After having stepped 8 times with
Gsrop—hx(2/8), k=1, 2 . . . 8, one gets the following eight
measurements:

I1(x, y) = A3+ A? + 240 A  cos[de(x, y) + 1 x (27 /8)], (13)

L(x, y) = Af + AT + 2A0A cosldp(x, y) +2X (27 /8)],
Iy(x, y) = A3 + A2 + 240 A cos[do(x, y) + 8 X (27/8)].

From these eight data points the phase dp(x,y)=¢p(x+dx,y)-
¢(x,y) can be extracted. Alternatively either more or less than
eight data points can be used, depending on signal/noise
constraints. A fit for every eligible pixel of the detector DT
corresponding to a pupil position (x,y) results in a full map
do(x,y) of the wavetront phase-shifts.

In order to describe birefringence, for example as occur-
ring in lens elements of the projection system, the vector
nature of the electric field is to be included. It is assumed that
the shearing grating GR is non-polarizing, so that only vector
properties of the light upstream of the grating GR are exam-

ined. Both EO and E ; have now x and y components parallel
to orthogonal X andY directions:

o Eq(x, y) Aox(x, y)explip(x, y)] (14)
Eo(x, y) = = . ,
Egy(x, ) Aoy(x, Yexplile(x, ¥) + @re(x, Y]
and
fl(x+dx, y)= 1%
Ep(x+dx+y) Apexplip(x +dx + y)]
( Eiy(x+dx+y) ] N (AlyeXp[i(so(x +dx+ Y) + Q¥+ dx + )] ]

An extra phase ¢,.,(x,y) describes a phase retardation
between y-components of each electric field due to for
example birefringence. The phase retardation between
x-components is absorbed by the previously introduced phase
difference ¢(x,y). The intensity measured with a detector
pixel of the detector DT is given by:

(16)

. Eox+En
I(x, y) = (Eox + E1x, Eoy + E1,)" +

Eoy +E1y
= Af, + AL + AJ, + AT, + 240, A cos[de] +

2A0yA1,c08[d + dre],

with Agy = Aoe(X, ¥) ete.

This result can be written as

Ix, y) = A, + AL, + AL, + AL, + 243 cos[de — dpgr], (1

where:

18
Al = AR AL + AR AT, + 2A0A 1 Aoy ALycos[dgre] . 18

and

—AgyA1ysin[d@r]
Aoy, Arx + Aoy A1ycos[dere] ||

a9

depr(x, y) = arctan[

An extra “birefringence term” d¢,.(x,y) has emerged in
the cosine. This extra phase is detected by the shearing inter-
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ferometric aberration measurement, and consequently it will
be weighted by Zernike-coefficients expressing a wave aber-
ration in terms of orthogonal normalized Zernike functions.

According to an aspect of the present invention, the polar-

ization state of the electric field Eo(x,y) is obtained from
interferometric measurements of the intensity I(x,y). This

polarization state is fully defined by the Stokes vector of EO,
which is given by:

Af, +AJ, (20)

- A2 A2
Sgy(x, ¥) = Y
2A0:A0ycos[ @re]

2A0xAgysin @re]

According to an aspect of the present invention, the I(x,y)
measurements include the step of selecting two different,
preselected polarization states for the radiation impinging on
the object grating in the pinhole PH, for two corresponding
I(x,y) measurements.

In the following it is assumed that the radiation traversing
the projection system is fully polarized, so that the degree of
polarization DOP,, for E,(x,y) is 1:

DOPg,(x.y)=1. (21)

The intensity in the preferred state (IPS) is equal to the
polarization purity (PP) when DOP=1. Further, preferred
states of polarization are defined as fully x-polarized polar-
ization and fully y-polarized polarization; these polarization
states correspond to preferred illumination-modes for
enhancing resolution of the lithographic printing process. The
corresponding values for the IPS are:

A% 22)
IPS (%, y) = — ,and
Afy + Aoy
IPS,(x, y) Aby e
XY=
7 A% + AR

It is assumed that at a preselected position (x,,y,,) in the
pupil of the projection system the Jones matrix is known. For
example, it may be assumed that for an axial ray along the
optical axis of the projection system the Jones matrix is the

unity matrix. Thus the electric field Eo(xp,yp) remains
unchanged after it traverses the reticle+lens system. In the

present embodiment Fo(x,y) is arranged to be linearly polar-
ized in the X-direction at reticle level, by using a polarizer 30
with the source module SM, so that under the assumption of
the unitary Jones matrix A, =0. In accordance with the equa-
tions 17-19, the following parameters can now measured in
shearing-interferometry:

d9pr ~arctan [0]=0, (24-1)

ABF,xz =404 Lo and (24-2)

DC,=do +d 244, (24-3)

Here the index “,x” indicate the incident, linear X polar-
ization. For example A, is the amplitude of the y-compo-
nent of the first order diffracted electric field, when incident
X-polarized light is used at reticle level. Next, the interfero-
metric shearing measurement is repeated with an arrange-
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ment of the polarization of Fo(x,y) taken to be linearly polar-
ized in the Y-direction at reticle level, again by using a
corresponding polarizer 30 in the source module aligned with
the direction of polarization along the Y direction. In analogy
with the previous measurement, A, 0. In accordance with the
general equations 17-19, one can now measure, using shear-
ing interferometry, the following parameters:

dpr marctan [tan[dp,, |1=@,.., (x+dx.y), @51

Apry=dod 5y, and (25-2)

DC, =4y 2+4,, +4,, .2 (25-3)

Again, “,y” sub-indexing is used to indicate the linear y
polarization of the incident radiation atreticle level, e.g. A,
is the amplitude of the x-component of the first order dit-
fracted electric field, when incident Y-polarized light is used.
In principle one can determine the full polarization state of

E 1 (x,+dx,y,,) for incident X-polarization and incident Y-po-
larization.

The contrast of the interference pattern is related to the
amplitude of the intensity oscillation as described by equa-
tions (24-2) and (25-2). Therefore, the measurement of the
entities A ;> are referred to as “contrast” measurements. Fur-
ther, a “DC” component of the interference fringe pattern is
described by the equations (24-3) and (25-3). Accordingly, a
measurement of DC  and DC  are referred to as “DC” mea-
surements. Said contrast and DC measurements lead to 4
equations with four unknowns A, ., A, , Ay LA

The position (x,+dx,y,) may be referred to as a first posi-
tion (X,,y,) in the pupil. The above described measurement
process can be repeated in going from the first position to a
second position with x,=x,+dx,y,=y,, to determine the cor-
responding amplitudes A, , A, , A, ., A, . again using
the equations 17-19 (with replacement of the subscripts 0 and
1 by 1 and 2 respectively) to obtain the four equations with
four unknowns A, . A, ., A, ., A, . Similarly, shears in
theY direction may be introduced (by using an image grating
GR with its lines and spaces oriented parallel to the X direc-
tion, so that in the projection lens pupil a wavefront shearing
in the Y direction is obtained). This enables transitions from
first to second positions of the type x,=x,, y,=V,+dy.

Any such transitions to a neighboring position can be
repeated an arbitrary number of times, each time determining
the amplitudes A, ,, A, , A, ., A, with i=1, 2, 3 etc,,
thereby effectively mapping out the spatial distribution of the
state of polarization by integration. With use of equations 22
and 23, the corresponding spatial distribution of IPS can be
obtained; for example, the distribution of IPS,(x,y) can be
found by substituting the measured values of A, ,, A, for
Ag,s Ag, 10 equation (22).

In the present embodiment the two different settings of the
polarizer 30 include a linear polarization along the direction
of shear and a linear polarization perpendicular to the direc-
tion of shear. However, according to an aspect of the inven-
tion, additional settings of the polarizer 30 may be used. DC
and contrast measurements as described above may further be
executed with a polarization at reticle level different from
either linear X polarization or linear Y polarization, by pro-
viding a source module SM with a polarizer 30 arranged for
linear polarization at an angle different from zero or 90
degrees with respect to the direction of shear. Such additional
measurements can be used to enhance the accuracy of the
process of solving equations for the electric field amplitudes,
as described above, or to obtain information on the presence
of unpolarized radiation in the case that DOP<1.
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According to a fifth embodiment of the present invention a
Jones matrix distribution can be measured in a similar way. As
in the previous embodiment it is assumed that DOP=1, so that
the transfer functions describing a change of polarization
state for radiation traversing the projection system can be
represented as a spatial distribution of complex 2x2 Jones-
matrices. As in the previous embodiment, unknown electric
field amplitudes are determined by measuring interferometric
mixing data such as said DC components and contrasts, as
well as by measuring d¢.

These measurements are repeated for two input polariza-
tion states (such as, for example, linear X polarization and
linear y polarization, as in the previous embodiment). It is
assumed that there is a single point in the pupil where the
Jones-matrix is known. For example, the Jones matrix may be
assumed to be the unitary matrix for a point on the optical axis
of the projection system.

Next, the Jones-matrices in all other pupil points can be
obtained by iteration analogous to the iteration described in
the fourth embodiment. Since each of the four matrix-ele-
ments of a Jones-matrix has a real part and an imaginary part,
there are 8 unknowns and hence, 8 equations are needed to
solve for the unknowns. Six equations are provided by the fit
of' the interferometric intensity data to the equations (24-1, 2,
3)and (25-1, 2, 3). Two additional equations are provided by
supplementary measurements of output intensities for the two
polarization state of the radiation incident on the pinhole PH,
for the first order diffracted beam, in the absence of interfer-
ence with other diffracted beams.

The analysis presented in the description of the fourth and
fifth embodiment is only for simplicity limited to the combi-
nation of two diffracted orders of radiation at the grating GR
in a shearing interferometer arrangement. However, accord-
ing to an aspect of the present invention additional diffracted
orders can be taken into account. For example, besides the

electric fields EO and E , adiffracted field E_ | corresponding
to a “neighbor” pupil-position (x-dx,y) can be included in the
analysis. The analysis is analogous to the analysis of the
fourth embodiment.

In any of the previously described embodiments in which
polarization-active components are used, such as polarizers,
retarders (quarter-wave plates), polarizing beam splitters and
so on, the angle of propagation of the radiation can have a
significant effect on the performance of the component.
Therefore it is advantageous to locate these components at a
place where the light is substantially collimated. One option
is to locate the elements such as the polarization changing
element 10 and the analyzer 12 at a suitable location in the
illuminator where the light is already substantially colli-
mated. A second alternative is to provide optical elements 40
and 42, as shown in FIG. 5, which firstly collimate the radia-
tion and then focus it. This provides a zone 44 in which the
radiation is in the form of a collimated beam and in which the
polarization-active components can be placed.

The results of the measurements according to any of the
above embodiments of the invention can be used to provide
feedback. For example, in an apparatus in which a desired
polarization pattern is intended to be set by the illuminator,
actuators can be provided for adjusting components of the
lithographic apparatus by way of feedback based on the
obtained measurements. FIG. 2 illustrates, by way of
example, that the illuminator Il may be adjusted under the
control of the controller 16 to correct or compensate for any
measured deviations in the desired polarization pattern.

Although specific reference may be made in this text to the
use of lithographic apparatus in the manufacture of ICs, it
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should be understood that the lithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (L.CDs), thin film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“wafer” or “die” herein may be considered as synonymous
with the more general terms “substrate” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, in for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

Although specific reference may have been made above to
the use of embodiments of the invention in the context of
optical lithography, it will be appreciated that the invention
may be used in other applications.

The terms “radiation” and “beam” used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of or about 365,
248, 193, 157 or 126 nm) and extreme ultra-violet (EUV)
radiation (e.g. having a wavelength in the range of 5-20 nm).

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive, and reflective optical components.

While specific embodiments of the invention have been
described above, it will be appreciated that the invention may
be practiced otherwise than as described.

The descriptions above are intended to be illustrative, not
limiting. Thus, it will be apparent to one skilled in the art that
modifications may be made to the invention as described
without departing from the scope of the claims set out below.

The invention claimed is:
1. A method for determining a polarization property of a
lithographic apparatus, comprising:
measuring one or more wavefronts of a radiation beam
from a source module using an interferometric sensor,
wherein:
the source module is disposed at a level of a patterning
device in the apparatus and comprises a lens and a
polarizing component,
the source module does not include the patterning
device,
the lens is configured to collimate the radiation beam
before it passes through the polarizing component,
the interferometric sensor comprises a diffractive ele-
ment disposed at a level of a substrate in the apparatus
and a detector spaced apart from the diffractive ele-
ment, and
the diffractive element is arranged to provide shearing
interferometry between at least two wavefronts mutu-
ally displaced in a direction of shear; and
determining, from the wavefront measurements, informa-
tion on polarization affecting properties of a projection
system of the lithographic apparatus.
2. The method according to claim 1, wherein the informa-
tion on the polarization affecting properties of the projection
system comprises at least one element of a Jones matrix.
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3. The method according to claim 1, wherein the polarizing
component comprises a first setting for the radiation beam to
linearly polarize in a direction of shear near the interferomet-
ric sensor and a second setting for the radiation beam to
linearly polarize in a direction perpendicular to the direction
of shear near the interferometric sensor.

4. The method according to claim 3, further comprising
measuring a spatial distribution in a pupil of the projection
system of the lithographic apparatus of an amplitude of inten-
sity oscillation and an average intensity for the first and sec-
ond settings of the polarizing component.

5. The method according to claim 1, wherein the diffractive
element comprises a grating.

6. A lithographic apparatus, comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device configured to impart the radiation
beam with a pattern in its cross-section to form a pat-
terned radiation beam:;

a projection system configured to project the patterned
radiation beam onto a target portion of a substrate;

a source module disposed at a level ofthe patterning device
and comprising a lens and a polarizing component,
wherein the source module does not include the pattern-
ing device, the lens being configured to collimate the
radiation beam before it passes through the polarizing
component; and

an interferometric sensor configured to measure one or
more wavefronts of the radiation beam from the source
module, wherein the interferometric sensor comprises a
diffractive element disposed at a level of the substrate
and a detector spaced apart front the diffractive element,
the diffractive element being arranged to provide shear-
ing interferometry between at least two wavefronts
mutually displaced in a direction of shear, wherein the
detector is configured to determine, from the wavefront
measurements, information on polarization affecting
properties of the projection system.

7. The apparatus according to claim 6, wherein the infor-
mation on the polarization system comprises at least one
element of a Jones matrix.

8. The apparatus according to claim 7, further comprising
a controller configured to receive results of measurements by
the detector, control the polarizing component, and calculate
a polarization property of the apparatus.

9. The apparatus according to claim 8, wherein the control-
ler is further configured to control one or more elements of the
apparatus in response to the calculated polarization property
of the apparatus.

10. The apparatus according to claim 6, wherein the polar-
izing component comprises a first setting for the radiation
beam to linearly polarize in a direction of shear near the
interferometric sensor and a second setting for the radiation
beam to linearly polarize in a direction perpendicular to the
direction of shear near the interferometric sensor.

11. The apparatus according to claim 6, further comprising
a measuring device configured to measure a spatial distribu-
tion in a pupil of the projection system of the lithographic
apparatus of an amplitude of intensity oscillation and an
average intensity for the first and second settings of the polar-
izing component.

12. The apparatus according to claim 6, wherein the dif-
fractive element comprises a grating.
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